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Objectives . This study was designed to investigate the changes
in regional distensibility of the ischemic segment and of as remote
ltonischennic segment brought about by graded myocardial isch-
emia .
Background. Ventricular dista.aasibility is a major deteaitinaant
of left ventricular end-diastolie pressure. The effects of graded
myocardial ischemia on the regional distensibility of the ischemic
area have not been studied . Moreover, there are few data on the
effects of myocardial ischemia an the regional distensibility of the
nonischemic myocardium .
Methods. Nine anesthetized open chest mongrel dogs were
fitted with instruments to measure left ventricular pressure and
circumferential length (soaonaicrosnetry) in the ischemic segment
and in a nonischemic segment. The pressure-length relation was
modified by stepwise infusion and withdrawal of 200 nil of each
dog's own blood over 30 min in five consecutive stages of regional
It has long been recognized that myocardial ischeiMaia is
associated with a marked increase in left ventricular end-
diastolic pressure (1-3) . This increase might simply reflect
a decrease in global left ventricular distensibility, which
has been reported to occur under conditions of global
ischemia in the isolated heart, in anesthetized and conscious
animals and subsequently in patients (4-8) . However, the
effects of coronary artery disease and particularly those
of myocardial ischemia are inherently regional . Thus,
during myocardial ischemia, indexes of global cardiac func-
tion (e.g ., left ventricular end-diastolic pressure) reflect the
mechanical dysfunction of the ischemic segment, the me-
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ischemia . Unstressed dimensions were obtained by repeated infe-
rior vetua euva occlusions . In both segments, regional distensibility
was assessed at end-diastole by means of the cons nts of the
pressure-length (chamber stiffness), the pressure-strain and the
forca strain (myocardial stiffness) relations .
Results . In the ischemic segment, partial and complete coro-
nary occlusions were associated with a twofold increase in the
chamber sti ness constant, the pressure-strain constant and the
myocardial stiffness constant, whereas in the nonischenic se eat
the chamber stiffness constant, the pressure-strain constant and
the myocardial stiffness constant increased by 50% .
Conclusions . Regional myocardial ischemia is associated with a
decrease in distensibility of both the ischemic and the remote
nonischemic myocardium .
(J Am Coll Cordiol 1993,22
:899-90頶)
in the
chanical function of the remote nonischemic segments and
possible interactions between the ischemic and the nonis'ch-
emic segments .
Previous studies (b,9-12) reported a decrease in regional
distensibility in an area subjected to pacing-induced isch-
emia, exercise-induced ischemia and complete coronary
occlusion. In contrast, brief (4 to 9 min) partial coronary
occlusions did not affect the distensibility of the ischemic
myocardium when systolic wall thickening was reduced but
not suppressed (13)
. However, the effects of prolonged or
more severe ischemic episodes on the regional distensibility
of the ischemic segment have not been studied, and the
erects of myocardial ischemia on the diastolic elastic prop-
erties of the nonischemic myocardium have not been thor-
oughly examined . Nevertheless, an unaltered or even in-
creased regional distensibility of w"tischemic segments
should minimize or prevent any increase in left ventricular
end-diastolic pressure caused by the stiffening of the isch-
emic segment . 'Therefore, the aim of this study was to assess
the changes in regional distensibility of the ischemic segment
and of a remote nonischemic segment brought about by
graded regional ischemia .
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Methods
mental preparation . This study conforms to the
United Kingdom Animals Act (Scientific Procedures, 198頶)
and to the position of the American Heart Association on
Research Animal Use. Nine male or female mongrel dogs
(mean weight ± SEM 1頶 ± 0.5 kg; range 15 to 18), were
premedicated with 1 .0 mg/kg body weight intramuscular
morphine sulfate. Anesthesia was induced with 15 mg/kg
intravenous sodium thiopental . The animals were intubated,
placed on their right side and mechanically ventilated at a
rate of 12 breaths/min at a tidal volume of 30 ml/kg . Halo-
thane in a concentration of 1 .2% to 1 .5% was given as a
maintenance anesthetic ent during the surgical prepara-
tion. End-tidal carbon dioxide concentration was measured
continuously by an infrared carbon dioxide analyzer
(M1025A, Hewlett-Packard, Bracknell, UK) and ventilation
was adjusted to maintain the end-tidal carbon dioxide con-
centration between 4 .5% and 5.5%. Forty percent. oxygen in
nitrogen was administered and the oxygen concentration
checked continuously by polarographic oxygen analysis .
Inspiratory and end-tidal halothane concentrations were
continuously measured by ultraviolet analysis (M1025A,
Hewlett-Packard) . Midesophageal temperature was continu-
ously monitored and maintained between 3頶°C and 37°C by
means of a servo-controlled heating element incorporated
into the operating table. An intravenous cannula was in-
serted into the inferior vena cava via a vein in the left hindleg
and was used for constant infusion of physiologic saline
solution at a rate of 5 ml/kg per h . Limb lead 11 of the
electrocardiogram (ECG) was continuously monitored by
means of subcutaneous electrodes . A 14F Foley catheter
with an inflatable cuff was inserted in the inferior vena cava
by way of the left femoral vein for repeated transient caval
occlusions, The correct position of tale catheter (immediately
before the right atrium) was manually verified after opening
of the chest . The left common carotid artery was isolated in
the neck, and a fluid-filled stiff SF cannula, connected to a
pressure transducer (Druck, Druck Ltd ., Groby, Leicester,
UK), was passed to within 1 cm of the aortic valve to
measure systemic blood pressure and obtain arterial blood
samples .
A left thoracotomy was performed and the fifth and sixth
ribs were excised, The pericardium was opened, and the
heart isolated and suspended in a pericardial cradle . The
aortic fat pad was removed, the proximal aortic root dis-
sected free and an appropriately sized electromagnetic flow
transducer (Transflow 頶01, Skalar Medical, Delft, The Neth-
erlands), attached to a flowmeter (SEM 275, SE Medics,
Felth , UK), placed to measure aortic flow . A second
fluid-filled stiff 8F cannula was inserted 1 .5 cm into the left
ventricle through a stab wound in the apical dimple and
attached to another pressure transducer for measurement of
the left ventricular pressure
. The frequency response char-
acteristics of this fluid-filled catheter system are such that
there is a <5% signal distortion at 32 Hz ; thus, conditions for
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accurate measurement of left ventricular pressure-time de-
rivatives were met (14) . A flexible catheter was inserted from
al .
p
1
-,
a41 ap wrtr t }Ln .ler,nnaey
cafe uaalviaai p u ciu .Vz artery for. : -'- :.L 1fl1t LLiN LL,LLSLDSioad
determination of cardiac output by dye diluticn . A segment
of the left anterior descending coronary artery distal to the
first diagonal branch was dissected free from the epicardium
for placement of a 2-mm electromagnetic flow transducer . A
snare placed around the artery distal to the flow probe was
attached to a micrometer-controlled spring-suspended grad-
ual occluder. Piezoelectric crystals (5 MHz, 2-mm diameter)
were implanted parallel to the minor axis in the subendocar-
dium of the apical and basal regions of the left ventricle to
measure regional myocardial circumfercntial lengths ultra-
sonically (15) .
Protocol. Dextran (5%, average molecular weight 70,000)
was given to maintain left ventricular end-diastolic pressure
>5 mm Hg. Arterial blood gas analysis was performed,
ventilation adjusted and intravenous bicarbonate given to
maintain pH within the range of 7 .35 to 7 .45. Halothane
concentration was adjusted to 0 .8% end-tidal concentration .
After a stabilization period of 30 min, 2 ml of arterial blood
(4 aliquots of 50 ml each) was slo~iy withdrawn and kept at
body temperature in a water bath while the same volume of
dextran (5%, average molecular weight 70,000) was infused
into the femoral vein . A period of I h was then allowed for
hemodynamics to stabilize before the experiment was
started .
Myocardial ischemia was intensified in five consecutive
stages by gradual tightening of the micrometer-controlled
snare around the left anterior descending coronary artery .
Apical regional my cardiai function was continuously mon-
itored by display of a left ventricular pressure-minor axis
apical segment length loop on an oscilloscope . Stages of
ischemia were determined by observing characteristic mor-
phologic changes in the pressure-length loop (1頶) . Record-
ings were started after it was apparent that further deterio-
ration of regional function was not occurring after 10 min, so
that each stage of ischemia represented a steady level of
regional function.
Stage I was the baseline state (absence of myocardial
ischemia). Stage 2 was critical constriction, which has been
defined as a loss of coronary postocclusive hyperemia with-
out concomitant deterioration in regional myocardial func-
tion (17) . Critical constriction was approximated (observa-
tion of the point during coronary constriction at which the
pulsatile nature of the coronary flow first became absent)
rather than corEfirnted (absence of hyperemia after occluding
the artery), as we were concerned about detrimental effects
of multiple brief coronary occlusions. Stage 3 (mild isch-
emia) was defined as postsystolic shortening >5% with only
minimal hypokinesia (<20% narrowing of the loop) . Stage 4
(severe ischemia) was defined as an obvious decrease in
systolic shortening (>50% narrowing of the loop) and sys-
tolic bulging (tilting of the loop to the right). Stage 5
(coronary occlusion) was then applied by tightening the
snare until coronary flow had completely ceased .
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In each of the five stages described, a volume modifica-
tion was performed . After recording of the hemodynamic
variables, 50 ml of blood was infused in the femoral vein
over 30 s and hemodynamic variables were recorded I min
after completion of the infusion . The infusion of the next
aliquot was stated 3 min after completion of the previous
infusion. This procedure was repeated three times (total
volume infused 200 ml) . Thereafter, 50 ml of blood was
withdrawn from the cannula in the carotid artery over 30 s
and hemodyaamic variables were recorded I min after
completion of the withdrawal . The withdrawal of the next
aliquot was then started 3 min after completion of the
previous one . This procedure was repeated until all the
volume infused (200 ml) had been withdrawn . After steady
state hemodynamic variables had been recorded, a caval
occlusion was performed after each volume modification by
inflating the cuff of the Foley catheter inserted in the inferior
vena cava. The end-diastolic pressure usually reached
0 mm Hg after 10 to 15 s . Caval occlusions were performed
during apnea to avoid alterations of the unstressed dimen-
sions brought about by respiration .
D'ta collection . lit vivo data . Aortic and left ventricular
pressure, first derivative of left ventricular pressure (dPldt),
airway pressure, ECG, aortic flow, stroke volume (integra-
tion of the aortic flow signal), coronary flow and myocardial
segment length signals were converted using an analog-
digital converter (AT-MIO-1頶, National Instruments Corpo-
ration) and continuously displayed on the screen of an IBM
AT personal computer by means of the real-time mode of
software designe+ ' in our department . After every volume
modification, data were recorded at a sampling frequency of
JOO Hz during a period of three respiratory cycles and stored
on the hard disk of the computer. During caval occlusions
data were recorded and stored during a 15-s period . Calibra-
tions of the pressure transducers to zero (ambient)
pressure-at a height corresponding to the mid-left atrial
level, and to a predefined electronic signal representing
100 mm Hg-were performed before each stage . The aortic
flow probe was calibrated during each experiment by in vivo
determination of cardiac output by the dye-dilution tech-
nique .
Postmortem data . At the end of the experiment, the dogs
were killed with an overdose of halothane . A fine catheter
was inserted into the left anterior descending artery and the
coronary flow probe was calibrated in situ by injecting 5-ml
aliquots of heparinized blood . Thereafter, 5 ml of Evans blue
dye was injected through the cannula . Endocardial staining
was used to delineate the mass of ventricular myocardium
perfused by the left anterior descending artery . In all animals
necropsy confirmed the subendocardial placement of the
crystals, the placement of the apical crystals within the
blue-stained region and the placement of the basal crystals
outside this region. The atria were removed, and the right
ventricular free wall was dissected from the ventricular
septum and the left ventricle . The stained ventricular region
was then separated from the unstained one, and the stained
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and unstained portions were weighed
. The weight of the
stained myocardium allowed normalization of left descend-
ing coronary artery blood flow as mijinin per
100 g
.
Data analysis . Data analysis was performed on a 1
personal computer at the end of the experiments using the
playback mode of the previously mentioned software . To
minimize respiratory effects on hemodynamic variables,
only end-expiratory data were used for further analysis .
Length measurements were normalized to an initial value of
end-diastolic length of 10 mm at baseline . The following
definitions were used . End-diastole = the first upward (pos-
itive) deflection of the left ventricular dP/dt signal . End-
systole = he first return to zero of the aortic flow signal .
Systolic shortening = the difference between end-diastolic
and end-systolic length expressed as a percent of end-
diastolic length . Postsystolic shortening = the difference
between end-systolic length and the minimal segment length
during diastole expressed as a percent of end . systolic length .
Systolic lengthening = the difference between end-diastolic
length and maximal segment length during systole and ex-
pressed as a percent of end-diastolic length. Unstressed
end-diastolic segmental lengths (LO) ( obtained by caval oc-
clusions) = end-diastolic lengths at a left ventricular end-
diastolic pressure of 0 mm Hg . The end-diastolic segmental
Lagrangian strain ( .-) = the instantaneous end-diastolic
length (L) normalized to the unstressed end-diastolic length
(Lo): E = (L - L0)/L 0 .
Regional chamber stiffness. A high exponential correla-
tion (r > 0.97) between end-diastolic pressure (P) and
end-diastolic segmental length (L) was found in all dogs .
Subsequently, the regional chamber stiffness constant (k r )
was determined by fitting the end-diastolic pressure--length
data to the equation
U)
where B is a curve-fitting constant .
Regional pressure-strain relation. The elastic properties
of muscle from ventricles of different size and shape are best
compared using the individual stress-strain relation, which in
cardiac muscle are generally assumed to be exponential (18) .
TI us the stress-strain relation can be expressed as follows :
o, = a(e
k
`
e - o,
[21
where o, is the stress, a is a curve-fitting constant, k,, is the
dimensionless stiffness constant and e is the strain . Note that
o- =0 when e = 0 .
Because at present myocardial wall stress cannot be
reliably measured, regional stress is commonly approxi-
mated using the left ventricular pressure (9-12) .
Accord-
ingly, we determined the regional constant of the pressure-
strain relation (k,)
by fitting the end-diastolic pressure-strain
data to the equation
P = C(elo - 1) , 131
where P is the end-diastolic left ventricular pressure and C is
a curve-fitting constant .
RRARSCH ET AL .
DISTENSIBILTTY OF THE NONISCHEMIC SEGMENT
Table 1
. Global Hemodynamic Data From Nine Dogs With Progressive
Regional Myocardial Ischemia
M std . In the present study, volume modi-
fications and myocardial ischemia were associated with
substantial changes in ventricular dimensions . Although
these changes may affect the stiffness constant, they cannot
be taken into account by equation 3 . To overcome this
problem we approximated myocardial stiffness using a force-
strain relation that is based on the following definitions and
assumptions : 1) Stress (o') is defined as the force (F) acting
on a surface divided by the cross-sectional area over which
the force acts, that is, the cross-sectional area of the ven-
tricular wall (Aw). 2) This force (F) can be defined as the
product of the pressure and the area over which the pressure
acts, that is, the product of intraventricular pressure (P) and
the cross-sectional area of the cavity (Ac) (19). 3) The
end-diastolic cross-sectional area of the ventricular wall
(Aw) remains constant . This assumption is based on the
findings of Edwards et al . (9), who reported that a segmental
dynamic cube mass remained constant to within ±5% of the
mean value in both control and ischemic states. 4) The
ventricular wall is isotropic and homogeneous within a given
cross-sectional plane cut parallel to the minor axis, so that
in the circumference 3f the cross-sectional area of
the cavity are directly proportional to changes in the seg-
mental circumferential length (L). 5) The cross-sectional
area of the cavity at end-diastole is a circle (20), so that
changes in the cavity area are proportional to the square of
the changes in the circumference and thus proportional to
the square of the measured segmental length (L). Thus,
stress (o) can be expressed as follows :
F PAc PL2D
= POEo=
Aw = Aw = Aw
,
where D is a constant that relates the measured segmental
length to the unknown circumference of the cavity area and
E = DiAW
. Combining equation 2 and equation 4 yields
PL2 = (ex'*
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baseline. t
p
< 0.05 versus previous stage . Values are expressed as mean value ± SEM . ALVEDP/200 ml blood w increase in left ventricular
end-diastolic pressure brought about by the transfusion of a constant volume (200 ml) of each dog's own blood.
[41
[51
The regional myocardial stiffness constant (k,) was obtained
by fitting the end-diastolic pressure-dimension data to equa-
tion 5 . To facilitate the comparison of k9 and kt (equation 2),
length measurements in equation 5 were normalized to an
initial length of 1 mm at baseline . Note that k 5 can be
obtained without knowing the constants a and E .
Statistics . All values are expressed as the mean value ±
SEM. Nonlinear curve fitting was performed using the
Marquardt-Levenberg algorithm of a commercially available
scientific software (SigmaPlot, version 4 .1, Jandel Scientif-
ic). Data were analyzed on a VAX system computer using
BMDP, a commercially available statistical analysis program
(BMDP Statistical Software Inc .) . Means during the different
stages of ischemia were compared using two-way analysis of
variance for repeated measures followed by the Duncan
multiple range test. A p value < 0 .05 was considered to
represent statistical significance .
Results
ne dog died during coronary occlusion; therefore, only
the first four stages of the protocol could be obtained . All
five stages of the protocol wc:e obtained in the remaining
eight dogs .
Global n. Global hemodyn is data during the
five stages are presented in Table 1 . A significant decrease in
global cardiac performance did not occur before complete
coronary occlusion, which emphasizes the regional charac-
ter of our model.
Regional function. The regional function of the ischemic
segment is presented in Table 2 . Note that the relative
increase in unstressed length (creep) exceeded the relative
increase in end-diastolic length .
No significant dyskinesia (postsystolic shortening '5% or
systolic lengthening) occurred in the nonischemic segment in
any dog at any stage . The regional myocardial function of the
nonischemic segment is presented in Table 3 . A small, but
consistent increase in both unstressed length and end-
Baseline
Critical
Constriction
Mild
Ischemia
Severe
Ischemia
Coronary
Occlusion
Coronary blood flow (ml/min per 100 g) 85
± 14.8 54±8.2* 23±5.9*t
12±3.1*t 0±0.0*t
RR interval (ms)
4頶0 ± 22.1 4頶3 ± 13 .9 4頶頶 ± 17 .2 45頶 ± 17 .3 430 ± 17 .3
Pressures (mm Hg)
Systolic arterial 11頶 ± 5 .0 111±3.7 105 ± 4.1 101 ± 5 .1 98±3.9*
Diastolic arterial 78 ± 5 .5 73 ± 4.5 71 ± 4.9
70 ± 5 .頶 頶7 ± 4.4
End-diastolic 頶.0
± 0.49 5.8 ± 0.頶9 7.8 ± 0.59 8.1 ± 0.頶3* 8 .4 ± 0.59*
OLVEDPf200 ml blood 頶.8 ± 1 .20 7.2±0.頶1
8.1±0.頶3 11.3±1.17* 11 .0 ± 1 .00*
dP/dt (mm Hg/s)
Peak positive 2,194 ± 190 .5 2,1 ± 200.3 1,844 ± 175 .7 1,722 ± 13頶.2* 1,711 ± 132 .8*
Peak negative 2,032 ± 158 .頶 1,92頶 ± 93 .1
1,頶90 ± 153 .4 1,715 ± 154 .7 1,
	
± 131 .2*
Cardiac output (ml/min per kg) 251 ± 25 .0 243 ± 25 .2 212 ± 17 .7 218 ± 25 .4 189 ± 23.5
Stroke volume (ml) 23 .0 ± 1 .95 22.4 ± 2 .45 19.5 ± 1 .82 19.3 ± 2 .53 15.9 ± 2.1*
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Table 2. Regional Function of the Ischerruc Segment in Nine Dogs With Pro
diastolic length occurred . In every animal, the relative
increase in unstressed length exceeded the relative increase
in end-diastolic length. The influence of myocardial ischemia
on the pressure-strain relation of the nonischemic segment ii
shown in Figure 1 .
Discusslohn
The present study demonstrates that graded regional
myocardial ischemia was associated with a reduced regional
distensibility of the ischemic segment and of a remote
nonischemic segment . The decrease in regional distensibility
was associated with increased left ventricular end-diastolic
pressure . Compared with baseline conditions, the additional
increase in left ventricular end-diastolic pressure brought
about by volume loading was higher during regional myocar-
dial ischemia and coronary occlusion, indicating a decrease
in global ventricular distensibility . Creep occurred in the
ischemic segment and was the major cause of the increase in
end-diastolic circumferential length .
Previous studies. Global gffiecls of myocardial ischemia .
Numerous clinical and experimental investigations have
demonstrated that myocardial ischemia may be associated
with a marked increase in left ventricular end-diastolic
pressure (1-12) . Studies performed in the isolated heart, in
the anesthetized and conscious animal and in patients estab-
lished that myocardial ischemia and myocardial infarction
are associated with a decrease in global ventricular disten-
sibility (4-8) . In addition, a decrease in regional distensibil-
MARSCH ET AL
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*p < 0.05 versus baseline . t p < 0.05 versus previous stage . Values are expressed as mean value ± SEM
. Unstressed lengths and end-diastolic lengths arre
normalized to the unstressed length of the baseline stage .
ity is typically found in an area subje- .-ted to complete
coronary occlusion or myocardial infarction, or both
(頶,9,11,13) .
Effects of myocardial ischemia on the ischemic segment .
The reported effects of graded ischemia on the distensibility
of the ischernic area have varied . Nonogi et al . (12) found an
increase in regional stiffness during exercise-induced isch-
cmd in patients with coronary artery disease . In contrast to
the present study, Hess et al . (13) found no change in
myocardial stiffness in the ischemic segment after a brief (4
to 9 min) partial coronary occlusion that was defined as a
40% decrease in systolic thickening without systolic bulging .
Differences in the severity and duration of the ischemia
applied are the most likely explanations for this divergent
finding .
Effects of myocardial ischemia on the nonischemic seg-
ment . Whereas the effects of myocardial ischemia on sys-
tolic function in the nonischemic myocardium have been
studied extensively, little is known about the diastolic func-
tion of the nonischemic myocardium . Three to five days after
ligation of the left anterior descending coronary artery,
Hood et al. (頶) found no change in the compliance of an
adjacent noninfarcted area . In contrast to the present study,
Amano et al . (11) found no changes in the distensibility of the
nonischemic zone after coronary occlusion . Differences in
the indexes of distensibility (radial stiffness vs . pressure-
strain and force-strain relation), assessment of ventricular
elasticity (pressure-length data from a single beat vs . end-
diastolic pressure-length relation after slow volume modifl-
Table 3. Regional Function of the Nonischemic Segment in Nine Dogs with Progressive Regional Myocardial
Ischemia
'Pp
< 0
.05 versus previous stage . t p < 0.05 versus baseline
. Values are expressed as mean value ± SEM
. Unstressed lengths and end-diastolic lengths are
normali:7ed to the unstressed length of the baseline stage
.
Baseline
Critical
Constriction
Mild Ischemia
Severe
Ischemil
Coronary
Occlusion
Unstressed length (mm) 10 ± 0.0 9 .99 ± 0.04頶 10.頶8 ± 0 .1頶8*t
11 .4頶 ± 0.307*
12 . 1 2 ± 0.40頶*
End-diastolic length (mm) 11 .83 ± 0.189 11 .72 ± 0.221 12 .25 ± 0.18頶
12.85 ± 0.324 13 .13 ± 0 .3頶7*
Systolic shortening (% of end-diastolic length) 23.8 ± 1% 23.1±2 .20 nj ± IR*t 3.頶 ± 0.98*t
1 .1±0.o*'
Postsystolic shortening ( 1k of end-syslofic length) I .I ± 0.78 1 .8±1 .2頶 10.2±O pt 14.4±2
.29*
A 1
3 .23*
Systolic lengthening (
* of end-diastolic length) 0.0
±
0.00 0.2±0.24
0.7±0.21 83 ± 13pt
9.9±1 .45*
Chamber stiffness constant (n)m -B ) 0.52 ± 0.045 0.頶3±0.101 0.83±0 .088*
1.01±0.199* 0.99±0. 098*
Constant of the pressure-strain relation 5.1 ± 0頶1 頶.1±1 .07 10.2±1 .57* MA IN*
12.2±1.72*
Myocardial stiffness constant 5 .2 ± 0.45 頶.8±1 .29 10.4±1
.54* IL4 13P 13. 4=1
.91*
Baseline
Critical
Constriction Mild Ischentia
Severe
helternia
Unstressed length (mm)
10 ± 0 .0 9 .93 ± 0 .0頶5
10 .22 ± 0.08頶*
10
.42 ± 0 .08頶t
10 .53 ± 0
.
End-diastolic length (mm)
11 .54 ± 0.232 11 .50 ± 0 .2頶3
11 .頶0 ± 0.2頶2
11 .77
	
0.21頶
11 .84 0.3頶9
Systolic shortening (% of end-diastolic length)
12 .8 ± 2 .13
13.1±2.1頶 13
.7-±2.11 1313 .頶¢2.23
13.2±2.22
Chamber stiffness constant (mm')
0 .頶5 ± 0
.O09 0 .75 ± 0 .008
0.99 ± 0.010*t 1.00 0
.N5t 0.95 0
.0791
Constant of the pressure-strain relation
頶.3 ± 1
.12
頶.2 ± 1 .10
9.8 ± LQ*t
10.1頶 ± 1 .19t
10.7 1 .37t
Myocardial stiffness constant
頶.4 ± 1 .1頶 頶.4 ± 1
.43 10.9 ± 1
.40*f 11 .73 ± 1
.39t
I o N 1 .71$
904
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Figm 1 . Regional end-diastolic left ventricular pressure-strain re-
lation of the remote nonischemic segment in a typical animal . For
the sake of clarity only data on three of the five ischemic stages are
shown: baseline (0), mild ischemia (0) and complete coronary
occlusion (0) . Curves are fitted to the data in every stage using the
following equation: LVEDP - Cy - 1), where c is strain, k is the
constant of the pressure .strain relation and C is a curveAtting
constant . Note the leftward shift and the steepening of the slope
with progressive isehemia .
cations), the model used (intact conscious animal vs . open
chest anesthetized animal), the application of ischemia (sud-
den occlusion vs. gradual reduction in coronary blood flow)
and the area subjected to ischemia (ischemic left circumflex
area vs. ischemic left anterior descending area) may be
responsible for the divergent findings . Using left ventricu-
lography and simultaneous micromanometry during exer-
cise-induced ischemia in five patients with coronary artery
disease, Nonogi et al. (12) found a statistically insignificant
increase in a regional stiffness index of the nonischemic area .
Limitations of the study . The present investigations were
performed in anesthetized dogs with an open chest, an open
pericardium and short-term study instruments . Therefore,
the effects of myocardial ischemia occurred in the presence
of, and may thus be modified by, this short-term surgical
preparation and baseline anesthesia . However, the study
was designed to examine the effects of graded myocardial
ischemia on regional distensibility by means of slow volume
modifications. This required a 3- to 4-h period of stable
conditions, which is difficult to achieve in conscious animals
in the presence of ongoing myocardial ischemia . Further-
more, by using general anesthesia, we were able to perform
caval occlusions under apneic conditions that avoided alter-
ations in unstressed dimensions due to volume modifications
brought about by respiration .
Anesthetic agents might directly or indirectly (depth of
anesthesia) interfere with left ventricular diastolic properties
(21,22). Compared with baseline ret ordings obtained in
conscious dogs subsequently undergoing halothane anesthe-
sia, Pagel et al . (21) found, in the absence of myocardial
ischemia, no changes in regional myocardial stiffness up to
an
tnspiratory
halothane concentration of 1 .28 vol% . In the
present study, the inspiratory and end-expiratory concentra-
tions of halothane were held constant (0.8 vol%) throughout
the experiment. Our results are therefore unlikely to have
been affected by changes in the depth of anesthesia . How-
ever, additional effects of the anesthetic agent on changes in
diastolic distensibility brought about by myocardial ischemia
cannot be excluded .
Courtois et al . (23) demonstrated a difference in end-
diastolic pressure between the cardiac apex and base that is
mainly due to a downward component in left ventricular
pressure at the base before the start of the isovolumetric
contraction . Although this difference (average 0.7 mm Hg)
appears to be small compared with th( ,-, difference in left
ventricular end-diastolic pressure brought about by volume
loading, we might have overestimated the end-diastolic
pressure in the basal region by measuring the left ventricular
pressure near the apex . However, according to the recorded
data provided by Courtois et al . (23), the upslope of left
ventricular pressure in the apical region takes place before
the downward component at the base . In the present study,
the onset of the upslope of dPAlt in the apical region was
used to define end-diastole, which should have reduced the
regional pressure difference and might have even resulted in
a slight underestimation of the end-diastolic pressure at the
base .
Right ventricular volume affects the left ventricular
pressure-dimension relation through direct interaction
across the interventricular septum and series interaction
through right ventricular output (24) . Although ventricular
interactions are reduced but not abolished when the pericar-
dium is removed, our findings might be affected by changes
in right ventricular volume . Whether the effects of ventric-
ular interactions on segments remote from the interventric-
ular septum depend on their location is not known .
Methodologic considerations. At present, left ventricular
wall stress cannot be reliably measured . Accordingly, many
equations, derived from an idealized ventricular geometry,
have been proposed to calculate myocardial wall stress . As
the predictions made by different equations vary consider-
ably (25,2頶) and their accuracy is impossible to assess
without the ability to actually measure wall stress, there is
no consensus on which equation is most suitable to describe
and predict myocardial wall stress.
To overcome these problems, finite element models have
been proposed for analyzing the mechanical behavior of the
heart (20) . Although these models can account for complex
geometry, nonlinear material properties, heterogeneity of
the ventricular wall and variations in regional fiber angles,
their use ii currently limited by our inability to obtain
moment by moment reconstruction of the three-dimensional
geometry of the left ventricle, the lack of data concerning the
constitutive properties of the myocardium and the efforts
and expense involved. Thus regional wall stress has to be
approximated by means of the intracavitary pressure or the
transmural pressure (9-12,21,27) .
Most prior studies have assessed the distensibility of the
left ventricle by plotting intracavitary pressure against intra-
cavitary volume during the diastole of a single beat . How-
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ever, there is no consensus on whether and how strain
rate-dependent viscous effects affect the diastolic pressure-
volume relation (28-32) . Furthermore, Pasipoularides et al .
(32) reported that to obtain the passive filling stress, the
effect-, of a continuing contractile wall stress during the rapid
filling phase have to be taken into account . During tnyocar-
dial ischemia the decay of left ventricular pressure is abnor-
mal, which results in severely elevated early diastolic pres-
sures (33) . It is not clear, however, whether myocardial
ischemia has a proportional effect on the continuing decay of
contractile wall stress, the viscoelastic behavior and the
truly passive distension of the myocardium .
We determined ventricular distensibility at end-diastole,
as we were interested in the net result rather than in the rate
of relaxation and distension, The regional myocardial stir
nos constant was approximated by means of a force-strain
relation that takes into account changes in ventricular di-
mensions caused by volume loading and myocardial isch-
emia. The pressure-dimension relation was altered by slow
volume modifications using each dog's own blood, which
was withdrawn before the experiment and kept at body
temperature. Therefore, volume modifications did not af-
fect blood viscosity, hematocrit, temperature and halo-
thane concentration . Previous studies in our laboratory (27)
have shown that neither repeated slow volume modifica-
tions nor repeated caval occlusions affect the regional dis-
tensibility .
Clinical implications. The effects of coronary artery dis-
ease and myocardi.! ischemia are inherently regional
This is the first study to demonstrate that myocardial
ischemia affects the diastolic distensibility of the nonisch-
emic myocardium, a finding that might have important
clinical implications . A decrease in distensibility of the
nonischemic segment might cause a decrease in ventricular
filling that, in turn, could contribute to the decrease in
cardiac output associated with myocardial ischemia . Fur-
thermore, the decreased distensibility of the nonischemic
segment might significantly contribute to the increase in left
ventricular end-diastolic pressure, which in turn can in-
crease the myocardial oxygen demand while reducing the
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oxygen supply
. Thus, the decrease in distensibility of the
nonischemic segment might cause a worsening of the ongo-
ing ischemia and might even contribute to pulmonary edema
.
Our study design does not enable us to determine the
reason for the decreased ventricular distensibility
. However,
even under conditions of mild ischemia, the increase in
stiffness of the ischemic segment was associated with a
substantial increase in unstressed length . This phenomenon
was termed creep, analogous to the engineering term that
describes the plastic deformation of a material under con-
stant stress (9) . Glower et al. (34) have reported that creep
represents myofilament relaxation with increased Z band
separation and widening of the I band on electron micros-
copy. Their observation suggests that the increase in stiff-
ness of the ischemic segment is primarily due to anatomic
alterations at a cellular or subcellular level .
The mechanisms for the decrease in distensibility of the
nonischernic segment are less evident . As neither hypokine -
sia nor dyskinesia occurred, we can exclude the possibility
that the nonischemic segment suffered from significant cor-
onary hypoperfusion . In this segment, in contrast to the
ischemic segment, we suggest that the small but consistent
increase in unstressed length represents a physiologic adjust-
ment to an altered ventricular shape rather than a pathologic
change in cellular or subcellular anatomy . Possible explana-
tions for the decrease in distensibility of the nonischemic
segment are geometric changes in ventricular shape, alter-
ations in segmental coronary circulation, alterations in auto-
nomic nervous activity or mediators released from the
ischemic myocardium . Alternatively, the increase in stiff-
ness might represent an adaptive phenomenon that opti-
mizes the loading conditions of the nonischemic segment or
prevents excessive filling of a ventricle suffering from re-
gional ischemia, or both .
Conclusions. The present study demonstrates that re-
gional myocardial ischemia is associated with a decrease in
distensibility of both the ischemic and a remote nonischemic
segment. Further work is necessary to determine the mech-
anisms of the decrease in distensibility of the noNschemic
segment and the effects on ventricular filling and left ven-
tricular end-diastolic pressure .
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